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Subwavelength plasmonic waveguides show the unique ability of strongly localizing (down to the nanoscale)
and guiding light. These structures are intrinsically two-way optical communication channels, providing two
opposite light propagation directions. As a consequence, when light is coupled to these planar integrated
devices directly from the top (or bottom) surface using strongly focused beams, it is equally shared into the
two opposite propagation directions. Here, we show that symmetry can be broken by using incident circularly
polarized light, on the basis of a spin-orbital angular momentum transfer directly within waveguide bends. We
predict that up to 94 % of the incoupled light is directed into a single propagation channel of a gap plasmon
waveguide. Unidirectional propagation of strongly localized optical energy, far beyond the diffraction limit,
becomes switchable by polarization, with no need of intermediate nano-antennas/scatterers as light directors.
This study may open new perspectives in a large panel of scientific domains, such as nanophotonic circuitry,
routing and sorting, optical nanosensing, nano-optical trapping and manipulation.
Subwavelength plasmonic waveguiding has drawn a
considerable interest during the past years for îts unique
ability of controlling light down to the nanometer scale,
opening the perspective of highly integrated optical
circuits and ultra-compact optical functions [1]. Sev-
eral plasmon waveguide geometries, such as metallic V-
grooves [2, 3], nanostripes [4], nanowires [5, 6], nanogaps
[7–9], wedges [10, 11], dielectric-loaded metal films [12]
have been proposed for strongly confining and guiding
light. Given their intrinsic symmetry, plasmonic waveg-
uides provide two-way propagation channels of opposite
directions. Generally, light is coupled into the waveguide
mode with end-firing techniques in order to reach uni-
directional propagation of light at subwavelength scale.
This coupling technique avoids one of the two possible
propagation directions: propagation reversal within the
waveguide requires two different coupling devices posi-
tioned at its two extremities.
Recently, reversible unidirectional light propagation
has been obtained onto planar metallic surfaces (with
surface plasmons) [13–15], in photonic crystal waveg-
uides [16], in nanofibers [17, 18] and in dielectric stripes
[19]. All these studies are based on the coupling of angu-
lar momentum between a rotating dipolar nano-emitter
and the evanescent surface waves involved in the waveg-
uiding process, on the basis of spin-orbit interaction in
localized fields [20]: the intrinsic chirality of the evanes-
cent waves in play makes the connection between the
point-like emitter and the waveguide [21, 22]. This tech-
nique allows for reversing the propagation direction of
the waveguide mode by switching circular polarization
direction. Reversible unidirectional guiding has also been
achieved in dielectric waveguides with incident linear po-
larization [23]. For all these techniques however, light
coupling into the waveguide needs to be mediated by a
nanoscale scatterer placed in contact to the waveguide,
which may represent challenging fabrication processes.
Moreover, the waveguides in play are often limited by
diffraction and do not possess the confinement ability of
plasmonic waveguides.
Here, we propose a different approach to reach re-
versible unidirectional light waveguiding while break-
ing down the diffraction barrier. Our concept is based
on spin-orbital angular momentum coupling within the
curvature of a polarization-sensitive subwavelength un-
der excitation with a circularly polarized out-of-plane
focused beam. This configuration, which avoids the need
of any external point-like scatterers or nano-antenna to
couple light into the waveguide, leads to highly versatile
nano-optical platforms.
Let us consider a circularly polarized plane wave prop-
agating along z-direction. The expression of its com-
plex electric-field amplitude ( ~E) in cylindrical coordi-
nates (r, φ, z) takes the following from:
~E = Er~er + Eφ~eφ (1)
~E ∝ (~er ± i~eφ) exp(±iφ) (2)
where ~er and ~eφ are unit vectors along radial and az-
imuthal directions, respectively. Term exp(±iφ) in Eq. 1
defines a spiral phase for both the radial and azimuthal
field components. A circularly polarized plane wave can
thus be seen as the superposition of two radially and az-
imuthally polarized vortices described by the same topo-
logical charge ±1 and in phase quadrature. When this
circularly polarized plane wave is coupled to a polar-
ization sensitive structure that interacts selectively with
Er or Eφ and avoids the other field component in its in-
trinsic optical process, circular polarization can be con-
verted into a single radially or azimuthally polarized vor-
tex by the structure. The photon spin (carried by circular
1
polarization) is then transferred into an orbital angular
momentum (manifested by field vorticity), leading to a
circulating optical energy flow. Such a spin-orbit interac-
tion of light has been observed for example in the exci-
tation of axis-symmetrical surface plasmon waves with
circularly polarized focused beams [24]. In that case,
axis-symmetrical "p"-polarized surface plasmons are se-
lectively excited from the radially polarized vortex com-
ponent of the incident circular polarization (no interac-
tion with the azimuthally polarized vortex Eφ), leading
to surface plasmon vortices.
According to the above explained optical process, we
propose to generate optical spin-orbit interaction in sub-
wavelength plasmon waveguides, which form a unique
family of polarization sensitive light conveyors, far be-
yond the diffraction limit. To show the intended ef-
fect, we have chosen the gap plasmon waveguide whose
nanometer scale confinement and guiding properties are
bound to a capacitive effect in-between two facing metal-
lic edges [7–9]. This capacitive effect originates polariza-
tion sensitivity properties of the waveguide. Note that
the other plasmonic waveguides evoked in the introduc-
tion could also be considered.
Fig. 1. Scheme of the proposed concept of unidirec-
tional subwavelength optical waveguiding with a sub-
wavelength plasmonic waveguide.
The principle of the proposed unidirectional mode cou-
pling is schemed in Fig. 1. Circularly polarized light is
directly focused (along the out-of-plane z-axis) onto the
local bend of a plasmonic waveguide. When light is fo-
cused onto a straight gap plasmon waveguide, the guided
plasmon mode is excited selectively from the field com-
ponent perpendicular to the pair of facing edges, due
to transverse optical capacitive effect with respect to
waveguide propagation axis. Note that such a configu-
ration also leads to surface plasmon launching but rel-
atively large slits are used for that purpose, for which
the optical capacitive effect is weak [24]. Narrower slits,
which dramatically increase the optical capacitive effect
and thus improve subwavelength waveguiding, are less
efficient in surface plasmons launching [25]. Given their
radial shape and polarization sensitivity, bent subwave-
length plasmonic waveguides placed within a circularly
polarized focused beam will be selectively coupled (by
scattering) with just one of the two axially polarized
vortices which constitute circular polarization (see Eq.
2). For example, a bent gap plasmon waveguide is se-
lectively coupled to the radially polarized vortex of the
circularly polarized focused beam. The guided mode ex-
cited at the waveguide bend then undergoes spin-induced
orbital angular momentum whose orientation is fully de-
termined by the circular polarization direction (i.e. the
spin orientation). Therefore, depending on the direction
of the incident circular polarization, a circulating energy
flow along the waveguide path may occur "upstream"
or "downstream", leading to polarization-controlled uni-
directionally in the excitation of deeply subwavelength
guided modes.
This concept is validated numerically with Finite Dif-
ference Time Domain (FDTD) method available from
the commercial code "‘Fullwave"’ (Synopsis). Two types
of waveguide curvatures are under study. First, we con-
sider the half-circle curvature, giving to the waveguide a
"U"-shape (Fig. 2(a)), and second, we investigate the to-
tal circle curvature, i.e. the waveguide loop (Fig. 3(a)).
In both cases, the gap plasmon waveguide is engraved
in a 50 nm thick gold layer lying onto a dielectric sub-
strate of refractive index equal to 1.5. The gap plas-
mon waveguide is 50 nm wide and the radius of cur-
vature of both waveguide bends is 0.5 µm, in order to
be compatible with focusing systems of modest numeri-
cal apertures. The wavelength is 1550 nm in all calcula-
tions. The computation volume is 6.4µm×3µm×1.8µm
and all its six boundaries are terminated with Perfectly
Matched Layers in order to avoid parasitic unphysical
reflections around the structure. In all simulations, non-
uniform grid resolution varies from 20 nm for portions
at the periphery of the simulation, to 5 nm in the region
including the waveguide bend. The waveguides are ex-
cited with a gaussian beam propagating along the out-of-
plane axis (0z). The beam waist is 1.2 micron wide (1/e
full width) and it is placed directly under the waveguide
bend, in the substrate. We model here light focusing with
a 0.8 numerical aperture objective. The position of the
focused beam with respect to the subwavelength plas-
monic waveguide is shown with a red circular area in
Figs. 2(a) and 3(a).
Figures 2(d) and (e) show the distribution of electric
optical intensity along the transverse (xy)-plane (parallel
to metal surface) located 10 nm beyond the waveguide,
in air, with incident right and left circular polarization,
respectively. We clearly see that light is channeled along
the left arm of the U-shape waveguide (right arm, respec-
tively) for incident left circular polarization (right circu-
lar, respectively). The channeled plasmon stays strongly
localized right at the waveguide, well beyond the excita-
tion area, proving nanometer scale waveguiding. In Fig.
2(f) are plotted the electric intensity profiles along the
white dashed lines of Fig. 2(d) and (e). The intensity
maximum at the excited arm is about 40 times larger
than at the other arm, for both right and left circular
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Fig. 2. Unidirectional waveguiding in a "U"-shape sub-
wavelength gap plasmon waveguide with circularly po-
larized focused beam. (a) scheme of the waveguide struc-
ture. Focus width and position are shown with a red disk
(out-of-plane focusing with a 0.8 numerical aperture ob-
jective is considered). (b) and (c): 2D vector maps of the
poynting vector in a transverse plane (xy) located 10 nm
far from the metal surface. (d) and (e): electric intensity
plots along the same transverse plane for (d) left and
(e) right circular polarization. Scale bars: 500 nm. (f):
electric intensity profile plotted along the dashed lines
of (d) and (e), for the two opposite circular polarization
directions.
polarizations. Note that light scattering at the waveg-
uide bend can launch surface plasmons, leading to spu-
rious optical effects. However, we see in Fig. 2(d) and
(e) that intensity level of the surface plasmons is much
smaller than the intensity of the guided mode and no
coupling can occur between surface plasmons and the
guided mode because of their effective index mismatch
[8, 9]. Figures 2(b) and (c) display 2D vectorial maps of
the poynting vector distribution along the same (xy)-
plane (10 nm far from the metal surface), for left and
right circular polarizations, respectively. These maps are
plotted in the region of the waveguide bend. We clearly
see an azimuthal flow of poynting vector, right at the
bent gap plasmon waveguide, that is reversible by switch-
ing circular polarization direction. As noted previously,
the spin-orbit optical interaction at the waveguide bend,
combined to the waveguide polarization sensitivity, cou-
ples the radially polarized vortex component of the inci-
dent circularly polarized beam into the waveguide mode,
leading to a circulating poynting flow within the waveg-
uide bend and thus, unidirectional waveguiding proper-
ties despite symmetric structure and illumination. The
guided optical power (P ) in each arm of the U-shape
waveguide can be written as P =
∫∫
S
~π · ~dS where ~π is
the poynting vector and S is the area of a transverse
cross-section of the waveguide. For a given circular po-
larization direction, the fraction ρ of the incoupled op-
tical power that is channeled within the excited arm is
defined as ρ = Pexc/(Pexc + Pnon−exc) where Pexc and
Pnon−exc are the guided powers along the excited and
non-excited arms, respectively. Calculation of the guided
power across 100-nm wide transverse cross-sections, lo-
cated 2 wavelengths away from the excitation zone (i.e. 2
wavelengths away from the waveguide bend), show that
93.8 % of the incoupled light is guided into a single prop-
agation direction.
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Fig. 3. Unidirectional waveguiding at a loop of gap plas-
mon waveguide with circularly polarized focused beam.
(a) scheme of the waveguide structure. Focus width and
position are shown with a red disk (out-of-plane focus-
ing with a 0.8 numerical aperture objective is consid-
ered). (b) and (c): electric intensity distribution along a
transverse (xy)-plane located 10 nm far from the metal
surface, for (b) left and (c) right circular polarization.
Scale bars: 500 nm. (d): electric intensity profile plotted
along the dashed lines of (b) and (c), for the two opposite
circular polarization direction.
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Figure 3 shows the optical properties of the waveg-
uide loop under excitation with a circularly polarized fo-
cused beam. As for the U-shape gap plasmon waveguide,
we clearly see the unidirectional waveguiding process
that occurs along the straight portion of the plasmonic
waveguide. Left circular polarization leads to waveguid-
ing along +y direction (Fig. 3(b)) whereas right circular
polarization transfers energy along the opposite −y di-
rection (Fig. 3(c)). Figure 3(d) displays intensity profiles
along the dashed line shown in 3(b) and (c). The inten-
sity maximum at the excited arm is about 12.5 times
higher than the intensity at the other arm. Calculation of
the poynting vector flow across 100-nm wide transverse
waveguide cross-sections of both channel arms show that
93.3 % of the incoupled light is guided into a single
propagation direction. As for the U-shape gap plasmon
waveguide, the spin-orbital angular momentum transfer
generates a circulating power flow in the waveguide loop
(whose left or right direction is defined by circular polar-
ization) that induces unidirectional launching of confined
light within the straight portion of plasmonic waveguide.
To conclude, we propose the concept of unidirectional
nanoscale waveguiding that is switchable by the helicity
of a circularly polarized excitation beam. Unidirection-
ality is induced by a spin-orbit angular momentum
interaction directly within waveguide bends under local
excitation with circularly polarized focused light. No
nanoscale antennas or scatterers are needed for directing
the energy within the waveguide. The resulting optical
architectures are thus versatile. Improved mode cou-
pling efficiency may however be achieved by considering
more sophisticated launchers such as gratings, but
at the expense of more complex devices. Note that
spin-orbit conversion is predictable in the bends of all
polarization-sensitive waveguides, i.e. subdiffraction
plasmonic waveguide but also dielectric waveguides
operating at the microscale. This study may open new
routes in a large panel of scientific domains, such as
nanophotonic circuitry, routing and sorting, optical
nanosensing, nano-optical trapping and manipulation.
This work is supported by the Labex ACTION.
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